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ABSTRACT: Metallic transition metal dichalcogenides like tantalum diselenide (TaSe2) exhibit 
exciting behaviors at low temperatures including the emergence of charge density wave (CDW) 
states. In this work, density functional theory (DFT) is used to classify the effects and influences 
of van der Waals interactions, most strongly present between the layers of bulk TaSe2 and reduced 
in monolayer TaSe2, on the CDW atomic structures and resulting phonon properties of those 
structures. Additional support is provided by experimental phonons seen in Raman spectra as a 
function of temperature and layer number. A variety of modes are described across several spectral 
regions and matched to corresponding predicted vibrations, including an experimentally observed 
forbidden mode. These results highlight the importance of understanding interlayer interactions, 
which are pervasive in many quantum phenomena involving two-dimensional confinement. 
 
INTRODUCTIONS: Layered two-dimensional (2D) materials are the subject of intensive research 
for their versatile and novel properties.1-4 Among them, the class known as transition metal 
dichalcogenides (TMDs) display many interesting quantum phase changes such as 
superconductivity, or charge (CDW), and spin (SDW) density waves. Particularly, the CDW phase 
in various polymorphous of TaSe2, TaS2, NbSe2, VSe2 and TiSe2 attracts interest due to its 
potential application in quantum information science.5, 6 Early investigations surrounding CDW 
phase transitions were mostly focused on bulk TMDs, with such transitions attributed to multiple 
mechanisms such as Fermi surface nesting,7 saddle point singularities,8 and electron-phonon 
interactions.9-13 However, applications for quantum devices often require devices to be constructed 
from few-layer material to maximize the tunability of the material’s properties.14 For layered 
materials, the van der Waals (vdW) interactions make a significant contribution to the layer-
dependent properties; therefore comparison between monolayer (ML) and bulk systems provides 
a direct probe of their effect. Such phenomena also play a crucial role in the formation of CDW 
states.15-20 
 Unsurprisingly, vdW interactions are more prominent for material systems with at least 
two layers due to periodicity along the direction normal to those layers. The vdW interactions in 
the ML case become negligible compared with an effect like quantum confinement (or reduced 
dimensionality),19 which also occurs in the direction normal to the TMD layer. The latter effect 
enables Peierls instabilities (due to Fermi surface nesting) and strong electron–phonon interactions 
(reduction of dielectric screening), ultimately leading to more energetically-favorable CDW phase 
transitions.21 Additionally, the increased disorder seen in ML atomic displacements at finite 
temperatures leads to a strong fluctuation in charge-ordered states, preventing the formation of 
long-range, coherent CDW states in the 2D limit.21 Such disorder is not as resilient in bulk systems 
since atoms have increased interactions with neighboring layers, thereby restricting any atoms’ 
small oscillations around their ideal positions. 
 In recent years, different models have been proposed regarding the effect of vdW 
interactions (i.e., layer dependence) and quantum confinement on the CDW phase.19, 21-26  Many 
of those studies focused on the evolution of electronic structures or the formation of Fermi nesting 
in the materials.19, 21, 27-29 Feng et al. reported that the CDW phase transition in ML 2H-VSe2 is 
more strongly ordered than the corresponding bulk structure.26 To give examples of structural 
studies, Ryu et al. discussed the unique formation of triangular sublattices during the CDW phase 
transition in the 2D limits of 1T-TaSe2.
19 Also, it has also been reported that the unidirectional 
(stripe) CDW forms a smooth interface with the familiar tridirectional (triangular) CDW in 
NbSe2.
30 Few papers elaborated on the differences between ML and bulk when it comes to the 
effects of vdW interactions on CDW phase transitions. Though some details of CDW phase 
transitions in the 2D limit are known, the intricacies of how the atomic structures and phonon 
modes evolve as a result of vdW interactions still require understanding.  
 Layered 2H-TaSe2 exhibits an incommensurate CDW (IC-CDW) phase between 122 K 
and 90 K, as well as a commensurate CDW (C-CDW) phase below 90 K.31, 32 Also, since the 
superconducting phase transition of 2H-TaSe2 occurs at 0.2 K, the corresponding phase does not 
coexist with CDW phase, rendering this material an ideal system for studying the effects of vdW 
interactions on quantum phase transitions or many body interactions. To date, CDW formation in 
2H-TaSe2 in ML still remains a subject of debate, warranting an elaborate investigation like the 
one presented here.11, 33-39  
RESULTS: To begin the analysis of the effects of vdW interactions on this metallic system, a 
structural comparison was made between ML and bulk 2H-TaSe2. The trigonal prismatic structure 
of 2H-TaSe2 can be found in Fig. S1. First, ground state calculations were performed by relaxing 
the atomic position and lattice vectors of the bulk 2H-TaSe2 (point group D6h) structure. The 
optimized lattice constants (aTaSe2 = 0.339 nm and cTaSe2 = 1.22 nm) agreed within the range of 
values from previous computational studies.17, 20, 40, 41  Relaxed structural parameters, such as 
lattice constants, bond length and intralayer distance, have been tabulated in Table S1. Starting 
with this relaxed bulk structure, a ML (point group D3h) and bulk supercell with 9-unit cells (3 × 3 
× 1) were constructed.  
 
 
Figure 1. (a) Calculations of the ML electron densities are presented with focus on the Ta atoms 
and how their electron interactions change with temperature. The formation of a rhombus-like 
structure occurs and decomposes into triangular lattices at 10 K, indicating the localization of 
charges, represented by the blue and white triangles. (b) In the bulk case, a triangular formation 
begins to emerge before decomposing into a striped lattice at 10 K. (c) Corresponding calculations 
were performed for the Se atoms in the ML and (d) bulk cases. 
 
Electron densities are shown at key temperature steps in Fig. 1 for both ML and bulk TaSe2 
and are also superimposed on corresponding atomic structures in the plane formed by the Ta atoms. 
Results for temperatures of 300 K, 110 K, 70 K, and 10 K are shown for Ta atoms, whereas only 
the initial and final structural configurations (300 K and 10 K) are shown for the Se atoms. This 
reduced picture for Se atoms was shown because Ta atoms contribute the most in terms of atomic 
rearrangement during the CDW transition. Despite not contributing heavily to atomic 
rearrangements, the Se will still have an important role in the interpretation of DFT predictions 
discussed later. In Fig. 1 (a) and (b), the temperatures of 110 K and 70 K show structures in the 
IC-CDW phase and C-CDW phase, respectively, with the green and blue correspond to areas of 
higher and lower charge density. The complete structural evolution of the ML and bulk systems 
as a function of temperature and the systems’ transition into the CDW phase is shown in greater 
detail (10 K increments) in Fig. S2 - S3. From that detailed evolution, it is apparent that for 
temperatures less than 30 K (below the CDW transition), the formation of a triangular structure 
occurs in the ML case.  
Comparing the ML and bulk structures yields one prominent similarity and three major 
differences. For the former, a lack of charge density modulation is observed around the Se atoms; 
i.e., the Ta atoms dominate the behavior. The first difference is that the Ta atoms’ displacement 
starts at 175 K for the ML, but at a lower temperature (140 K) for the bulk case as seen in Fig. S3. 
Second and more importantly, a rhombus-like region of greater charge forms in the ML case, and 
although both cases exhibit this greater charge at 70 K, the bulk case exhibits it in the form of 
triangular-like regions. Thirdly, at 10 K when the C-CDW phase has reached its equilibrium 
structure, the ML exhibits two adjacent triangular regions whereby one region has an accumulation 
of charge and the adjacent region has charge depleted. In the bulk case, rather than forming 
triangular regions of charge (or lack of charge), a striped configuration forms whereby a periodic 
alternation between charge accumulation and depletion defines the bounds of those stripes.41  
This formation of either triangular or striped sublattices for ML or bulk systems, 
respectively, gives information about structural order. Incidentally, the structural rearrangements 
for the ML case appear to be more complex as the triangular-like regions are being formed, a 
signature of only having short-range order due to reduced vdW interactions. The bulk case, being 
consistent with previous experimental observations of the CDW phase in NbSe2,
30 continuously 
forms into a striped structure with decreasing temperature, indicating the presence of CDW long-
range order. Further, the striped formation exhibits a zig-zag pattern along the z-axis in this system 
as shown in Fig. S2. Generally, other than the formation of triangular or striped structures at low 
temperatures, the charge distribution has a spherical symmetry very close to that of the Ta atom. 
The results confirm that this system is metallic, that the charge modulations completely depend on 
the Ta atomic displacement, and that vdW interactions contribute significantly to predicted charge 
modulation differences between the ML and bulk cases during the CDW phase transitions. 
 Figure 2. Experimental Raman spectra are presented here for both the ML (red curves) and bulk 
(green curves) TaSe2 at two temperatures: 300 K (top panel) and 5 K (lower panel). Two vertically 
shortened panels are displayed at the bottom for DFT modes at the two temperatures with 
corresponding color schemes. The comparisons of these spectra are subdivided into three intervals 
demarcated by gray dashed lines – high-, mid-, and low-frequency region. The shaded orange 
regions in the 5 K measurements highlight CDW modes. 
 
 Understanding the origin and evolution of the lattice modes is helpful for both the changes 
in the crystal structures and the effects of vdW interactions during the CDW phase transitions. A 
comparison of DFT predictions to experimental Raman spectra is shown in Fig. 2, where the 
predictions were obtained from the calculated structures for the supercell (3 × 3 × 1) of 2H-TaSe2, 
both for ML and bulk cases at the endpoint temperatures 10 K and 300 K and compared to Raman 
spectra obtained at 5 K and 300 K. For ML TaSe2, the point group symmetry is D3h, with the 
following six phonon modes (in usual theoretical notation): 𝐴′1, 𝐴
′
2, 𝐸
′, 𝐴"1, 𝐴"2, and 𝐸
′′. Of 
those, only three are Raman-active: 𝐸′′, 𝐸′, and 𝐴′1. These three modes correspond to the 
characteristic E1g, E2g, and A1g modes seen in the literature for 2H-TaSe2, respectively. Although 
bulk 2H-TaSe2 (and similar TMDs) is predicted to exhibit twelve phonon modes, represented by 
Г (𝐷6h) = A1g + 2A2u + B1u + 2B2g + E1g + 2E1u + E2u + 2E2g, only four are Raman active: A1g, E1g, 
and the two E2g modes.  
The DFT peaks shown in the lowest panel in Fig. 2 agree well with the experimental data, 
providing support for this model. The tabulation of DFT and experimental Raman modes for the 
unit cell can be found in Table S1. There are numerous significant changes when transitioning 
from room temperature (300 K) to below the CDW phase transitions (5 K) that will be detailed in 
due course. To explain the temperature- and thickness-dependent evolution of the Raman spectra, 
within which several peaks indicate the CDW phase, as well as the origin of those CDW peaks, 
each of the following three spectral regions will be examined: (a) high frequency range (above 208 
cm-1), (b) mid-frequency range (100 cm-1 to 208 cm-1), and (c) low frequency range (below 100 
cm-1). The exact spectral region bounds were chosen arbitrarily for the sake of orderliness. 
Additionally, within the mid-frequency region, emergence of new modes in the ML have been 
observed that are absent in the bulk spectra, highlighting the effects of vdW interactions on the 
material’s optical properties in the CDW phase.  
 Figure 3. (a) The two experimentally observed high-frequency modes for TaSe2are shown for both 
ML and bulk. (b) In the top panel, the theoretically derived data of the 𝐴1𝑔 mode is shown as a 
function of electronic temperature (σ). In the bottom panel, the theoretically derived data of the 
𝐸2𝑔
1  mode is observed to abruptly begin shifting as the temperature decreases (delineated by a red 
dashed box). (c) Illustrations of the Ta atoms’ (𝐸2𝑔
1 ) vibration direction is shown at 300 K and (d) 
10 K. Note that despite the appearance of this mode as simply displaying a blueshift with 
decreasing temperature, its inherent vibrations at the two temperatures are slightly different. 
 
 Using the experimental data in Fig. 3 (a) as a reference, the evolution of the theoretically 
predicted high frequency modes 𝐴1𝑔 and 𝐸2𝑔
1  in the ML case is shown in Fig. 3 (b), with the bulk 
modes for this frequency range having been previously analyzed in Ref. 40. Both ML modes 
display a blueshift with decreasing temperature, similar to their bulk counterparts, though the 
nature of those modes is inherently different between ML and bulk, as detailed below. The 
experimental Raman spectra and DFT results agree well, with the 𝐴1𝑔 mode exhibiting a slightly 
smaller blueshift than the 𝐸2𝑔
1  mode. Though the case was similar in bulk, the DFT-estimated 
frequency shift for 𝐴1𝑔 was about twice the experimental one, perhaps due to the experimental 
data being taken on a sample mounted on a substrate. This consideration would be consistent with 
𝐴1𝑔 being an out-of-plane mode, thus being strongly influenced by its surrounding environment.  
Another experimental observation was made in the temperature-dependent change of 
frequency exhibited by the 𝐴1𝑔 and 𝐸2𝑔
1  modes. In the ML case, the two peaks blueshifted with 
decreasing temperature by 5.2 cm-1 ± 1.2 cm-1 and 6.2 cm-1 ± 0.2 cm-1, respectively, where the 
error indicates a 1σ standard deviation. For the bulk case, those two shifts were 5.0 cm-1 ± 0.2 cm-
1  and 6.7 cm-1 ± 0.2 cm-1, respectively. The different behavior between the ML and bulk 
temperature-dependent shifts can consistently be explained with results reported in Ref. [18]. To 
summarize, the 𝐴1𝑔 mode in ML experiences a decreased force constant due to a weakening vdW 
interaction, which is why the temperature-dependent shifting of this mode is nearly identical for 
ML and bulk (to within experimental error). Second, the temperature-dependent shift of the 𝐸2𝑔
1  
mode is greater in bulk compared to the ML case, highlighting the decreasing strength of long-
range Coulomb interactions as the material became thinner.42, 43 These observations are consistent 
with previous experimental results.16, 18, 44  
To examine the effects of vdW interactions in the high-frequency region, similarities and 
differences between the ML and bulk spectra are considered, the latter of which is available in 
greater detail in Ref. [40].40 The most significant similarity between the two spectra is the smooth 
behavior in the 𝐴1𝑔 mode and the abrupt onset observed for the 𝐸2𝑔
1  mode. The slope discontinuity 
seen for the theoretically derived 𝐸2𝑔
1  mode in ML (Fig. 3 (b)), as well as that seen theoretically 
and experimentally in bulk in Ref. [40], is due to the Ta atoms abruptly changing vibration 
direction as they approach the CDW phase transition temperature. In Fig. 3 (c) and (d), the ML 
𝐸2𝑔
1  mode at 300 K and 10 K, respectively, exhibits a temperature-dependent frequency. For the 
two temperatures listed, the two corresponding frequencies characterizing the ML 𝐸2𝑔
1  mode are 
in close spectral proximity, but both frequencies are actually represented by different Ta atom 
vibration directions. In the ML case, vdW interactions do not have as strong a contribution to the 
creation of a coherent vibration direction, whereas in the bulk case, all Ta atoms abruptly rotate 
their vibration direction by 30° as they cross below the critical temperature (122 K). Additional 
details about the changes in the 𝐸2𝑔
1  mode during the CDW phase transition may be found in Fig. 
S5. 
 
Figure 4. (a) Experimentally observed Raman spectra for the mid-frequency range. Four 
illustrated peaks are drawn into the region containing the predicted CDW modes for the ML case. 
(b) All four Raman-active, DFT-calculated CDW modes in the ML case are plotted as a function 
of electronic temperature (σ). Corresponding illustrations of the lattice modes are shown in (c)-(f) 
in order of increasing frequency, determined at the lowest temperature. Only the mode in (e) 
emerges in the C-CDW phase, whereas all others appear in the IC-CDW phase. 
 
 Moving on to the mid-frequency range of the Raman spectra, experimental data show new 
modes appearing below the CDW phase transition temperature (122 K) in both ML and bulk, as 
seen in Fig. 4 (a). In this range, the ML and bulk spectra show a competition between a forbidden 
𝐸1𝑔
1  (present in the ML Raman spectrum but not in the bulk one) and two-phonon modes (seen in 
the bulk but not in the ML spectrum).16, 45-47 Hajiyev et al. reported this competition, but did not 
detail the modes’ evolution during the CDW phase transitions.18 Recently, Guo et al. reported the 
detection of the forbidden Raman modes of at the edge of the various layered materials in the 2H 
phase of the bulk MoS2, WS2, WSe2, PtS2, and black phosphorus.
45 The position and intensity of 
the forbidden 𝐸1𝑔
1  mode in the ML case was found to be temperature-independent. The DFT-
calculated position of the 𝐸1𝑔 
1  is 149.4 cm-1 (at 10 K) and this agrees well with previously reported 
experimental ML work.18 The evolution of the temperature-dependent two-phonon mode for bulk 
2H-TaSe2 systems has been discussed in recent work.
41 One explanation for the observation of a 
forbidden 𝐸1𝑔
1  mode in the 2D limit is the introduction of a broken symmetry in the ML case (lack 
of a periodic third dimension).52  
 For frequencies above 175 cm-1 of the mid-frequency region (shaded region in Fig. 4 (a)), 
experimental Raman spectra show additional CDW modes in both the ML and bulk cases. For the 
ML case, four predicted Raman-active modes in the CDW phase emerged. The vibration and the 
evolution of each mode are different, with three of them appearing in the IC-CDW phase and the 
other one emerging in the C-CDW phase. The experimental spectrum displays a single, broad peak 
roughly between 185 cm-1 and 215 cm-1, but the DFT calculations resolve it into four distinct 
modes, indicated by the Gaussian peaks in Fig. 4 (a). The four predicted Raman-active CDW 
modes are plotted as a function of temperature (smearing factor) in Fig. 4 (b) and their vibration 
directions are shown in Fig. 4 (c) - (f). Though four CDW modes are seen in the bulk spectra, those 
peaks are redshifted with respect to those in the ML and do not exhibit the same vibrational 
behavior as the ones described below.41 
The ML mode at 203.5 cm-1, whose vibration is shown in Fig. 4 (e) (see Fig. S7), only 
appears at temperatures below 60 K, which is well within the C-CDW phase. It is a circular mode 
and does not shift in frequency as the temperature decreases. This circular mode involves Ta atoms 
vibrating in the counterclockwise direction whereas both layers of Se atoms vibrate in the 
clockwise direction. This circular mode was also seen in bulk,41 with additional details shown in 
Fig. S6.  
The three remaining ML modes emerge in the IC-CDW phase, characterized by a crystal 
symmetry containing an orthorhombic structure.30, 48, 49 Two of them undergo a slight blueshift as 
the temperature decreases, and all of them have different vibration patterns (see Fig. 4 (c), (d), and 
(f), respectively): (i) a stretching bond mode (198.1 cm-1); (ii) a breathing mode (201.5 cm-1); and 
(iii) a triangular mode (207 cm-1). The stretching mode (i) emerges around 130 K and involves 
vibrations roughly along the Se-Ta bond direction. Interestingly, the Ta atoms’ vibrations are 
negligible compared to those of the Se atoms, with each layer of Se atoms vibrating in the same 
direction. The breathing mode (ii) emerges in the ML spectra due to the breaking of translational 
symmetry along the z-axis,50 which is consistent with the fact that no breathing modes were found 
in the bulk within a similar range of frequencies. According to the DFT calculations, the top and 
bottom layers of Se atoms vibrate in the opposite direction, with Ta vibrations being negligible. 
This breathing mode also depends on intralayer coupling and the atomic displacement of Ta atoms.  
The final mid-frequency CDW mode is the triangular mode (iii) (see Fig. 4 (f) and Fig. 
S9), where Se atoms’ vibrations form two opposite triangles. The vibration directions of the Se 
and Ta atoms resemble a general breathing mode, with the top and bottom layers of Se vibrating 
in opposite directions and the Ta atoms’ vibrations are negligible. Comparing this to the bulk case 
in Ref. [40] shows that the formation and properties of the CDW phonon modes strongly depend 
on vdW interactions.  
 
   
Figure 5. (a) The experimental Raman spectra from the low-frequency region (b) Two modes in 
the ML case are calculated as a function of electronic temperature (σ) and determined to be a phase 
and amplitude mode. (c)-(e) Corresponding illustrations of the modes calculated with DFT are 
shown in order of increasing frequency, determined at a set electronic temperature of 10 K. 
 
 Lastly, results for the low-frequency region are examined. In Figure 5 (a), the experimental 
ML spectrum is superposed with three DFT-calculated modes most likely to substantiate the 
observed behavior. The lowest frequency mode is predicted at 41.7 cm-1 and attributed to a phase 
mode, which exhibits a translational behavior with all atomic layers vibrating in the same 
direction.41 The mode emerges at 40 K in the C-CDW phase and blueshifts as the temperature 
decreases as shown in Fig. 5 (b). An illustration of the phase mode is shown in Fig. 5 (c). The 
second mode, seen in Fig. 5 (d), is a circular mode at 69.7 cm-1, and it is independent of temperature 
and atomic displacement, persisting up to room temperature. The third and final mode predicted 
in ML TaSe2, seen in Fig. 5 (e), emerges near 70 K and blueshifts with decreasing temperature and 
can be described as an amplitude mode,40 taking on a more distorted form of circular vibration in 
the opposite direction to the mode at 69.7 cm-1. 
 In the bulk case, four CDW modes emerge – two phase and two amplitude modes with 
larger intensities than the Raman 𝐴1𝑔 and 𝐸2𝑔
1  modes.41 Though the ML modes in this region have 
intensities similar to their bulk counterparts, it is important to note that the bulk modes are 
completely different lattice modes than those in the ML spectra. For all four modes in the bulk 
case, the Se atoms are vibrating in opposite directions to each other and the Ta atoms do not vibrate 
at all. However, in the ML case, all atoms are vibrating in some ordered fashion.51 Overall, these 
low-frequency results are consistent with recent results by Singh et al.52 These predicted 
differences between ML and bulk vibrations is yet another example of how increased vdW 
interactions in bulk systems (i.e. increased interactions with neighboring layers) may restrict atoms 
from oscillating as strongly as those found in ML systems.  
 In this work, the effects of vdW interactions on the CDW phase transitions in 2H-TaSe2 
were investigated using first principle calculations compared with phonons observed 
experimentally with Raman spectroscopy. First, vdW interactions directly affect the extent of 
short-range structural order, which explained why the ML case exhibited triangular sublattices 
below the C-CDW phase transition rather than the striped ones seen in bulk. Second, the 
vibrational properties of the ML and bulk cases were compared in three defined spectral regions. 
In the high-frequency region, the reduction of vdW interactions in the ML case contributed to the 
lack of a coherent vibration direction, unlike the bulk case. In the mid-frequency region for ML, it 
was found that three IC-CDW modes emerged that did not match the vibrational characteristics of 
modes seen in a similar spectral region of bulk TaSe2. This mismatch resulted from the 
orthorhombic structure in ML, whose formation beneath the IC-CDW phase transition temperature 
is determined by vdW interactions (or lack thereof), as with the case of the triangular sublattices. 
Finally, in the low-frequency region, a conclusion similar to that of the mid-frequency region could 
be made. Specifically, the ML case yielded modes with different vibrational behaviors than the 
bulk case. Such behaviors are traceable to the vdW-induced structural order in bulk, with a drastic 
reduction of that order in the ML case. Overall, the methods underlying this work can be extended 
to other 2D materials and explain the effects of vdW interactions on both the optical properties 
and quantum phase transitions. 
COMPUTATIONAL and EXPERIMENTS DETAILS: Using density functional theory (DFT) 
and experimental data from Raman spectroscopy, we probe the effect of vdW interactions on the 
CDW quantum phase transitions in layered 2H-TaSe2. Specifically, the evolution of electronic 
structures and charge modulations in both cases are explored first. Second, the origins of various 
vibrational modes are discussed for both 300 K and temperatures below the CDW phase 
transitions. Significant differences between the phonons of ML and bulk systems are observed, 
including dissimilar circular modes and the appearance of “forbidden Raman modes” (E1g).  
 The DFT simulations were performed following the approach described in Ref. [40],41 
where the temperature effects on the crystal structures were modelled by varying the electronic 
temperature (σ) through the tuning of a smearing factor in the Fermi-Dirac distribution. This 
incorporation enabled the qualitative assessment of temperature effects on the phonon properties 
of the system, as well as the Kohn anomaly.4, 41, 53-59 Further details are included in the Supporting 
Information (SI). For complementary experimental data, mechanically exfoliated, single crystals 
of 2H-TaSe2 on Si/SiO2 substrates (300 nm oxide layer) were prepared. During Raman spectrum 
acquisition, a 515 nm laser excitation was used at a sample temperature of both 5 K and 300 K. 
The scattered light was collected through a triple-grating spectrometer to enable low-frequency 
(down to approximately 10 cm-1) measurements. 
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